Abstract. This paper investigates the use of Active Shape Models (ASM) to capture the variability of the intra-thoracic airway tree. The method significantly reduces the dimensionality of the non-rigid 2D/3D registration problem and leads to a rapid and robust registration framework. EM tracking data has been also incorporated through a probabilistic framework for providing a statistically optimal pose given both the EM and the image-based registration measurements. Comprehensive phantom experiments have been conducted to assess the key numerical factors involved in using catheter tip EM tracking for deformable 2D/3D registration.
Introduction
The clinical practice of minimal invasive surgery has advanced rapidly in recent years due to improved therapeutic outcome coupled with reduced patient trauma and hospitalization. The technique, however, requires extensive manual dexterity and hand-eye coordination due to the complexity of instrument control and a loss of 3D vision and tactile feedback. In bronchoscope, for example, these skills are typically acquired based on the apprentice scheme or inanimate plastic models. The use of high-fidelity simulators provides an attractive alternative which offers a more complete training curriculum by incorporating usual, as well as rare pathological cases at a significantly lower cost and without the inference of routine patient care.
The prerequisite of constructing high-fidelity simulation models is the provision of visual realistic rendering based on patient-specific biomechanical models to recreate an environment that is close to real surgical scenes. This approach of patient specific simulation has attracted considerable interests in recent years [1, 2] , but photorealism and biomechanical fidelity remain active research topics [3] [4] [5] . In bronchoscope simulation, an essential requirement for photorealistic rendering and modeling is accurate 2D/3D registration of the 2D bronchoscopy video with 3D tomographic data. Despite the success of rigid 2D/3D registration achieved in recent years, existing research has shown that the accuracy of the current registration techniques is compromised due to the deformation of the airways [6] . During respiration, the intra-thoracic tree is affected by both respiratory and cardiac motion and it undergoes significant anatomical changes even during normal breathing. This explains why most of the current techniques become problematic in registering distal airways where structural deformation is at its greatest.
The incorporation of airway deformation to the existing 2D/3D registration framework, however, is by no means trivial. This is due to the potentially large search space involved in simultaneous tracking of the camera pose and morphological deformations. Issues concerning mesh folding and the sensitivity of the similarity function to lighting and local minima represent a major challenge. With the recent advent of catheter tip EM trackers, research is now directed towards using the device during the bronchoscope procedure to simplify the 2D/3D registration process [7] . These devices typically have 5 degrees-of-freedom (DoF) and have also been used in a number of image-guided applications such as for precision biopsy [8] and spine surgery [9] .
As a first glance, it may seem that the use of 5 DoF catheter tip EM tracker reduces the original 2D/3D registration to only a 1D problem. It has been postulated that in the presence of airway deformation, one can readily use the EM tracking result to recover the unknown axial camera rotation [10] . After careful in vivo experiment, however, the true extent of the problem has been recognized and it has been found that the effect of respiratory motion in previous studies has not been fully appreciated. This is because the EM tracker reports the position and orientation of the bronchoscope camera in relation to the fixed, world coordinates. When this information is used to guide the registration algorithm to the static airway acquired from tomographic data, a large displacement due to airway deformation can be observed. When this EM tracking information is used to initialize the 2D/3D registration, it has often been found that the initial view can be completely outside of the bronchial tree. This initialization is in fact inferior to the traditional image based approach, as in this case the camera view is always in synchrony with the moving frame of reference of the deforming airways. For this reason, direct mapping of the EM tracking measurements to the static preoperative CT images is not be appropriate, and its practical use must be integrated with the deformation of the airways.
The purpose of this paper is to examine the use of Active Shape Model (ASM) to capture the variability of the intra-thoracic tree. In this way, it is expected that the dimensionality of the non-rigid 2D-3D registration problem can be significantly reduced, thus leading to a rapid and robust registration framework. Since it is difficult to obtain the ground truth for in vivo data, this study is focused on the use of comprehensive phantom validation to assess the key numerical factors involved in using catheter tip EM tracking for deformable 2D/3D registration.
Methods

Modeling the Respiratory Motion of the Intra-thoracic Tree
Physically-based models are controlled by the laws of motion dynamics and corresponding tissue properties. They generally result in accurate bio-mechanical representation of the deformation. However, the practical implementation of this approach can be difficult due to the lack of detailed tissue mechanical properties, as well as the prohibitive computational cost involved. One alternative is to use general shape modeling such as the NURBS based surface representation for the intra-thoracic tree [5] . In addition to the issue of biomechanical fidelity, the main disadvantage of this approach is the mathematical complexity it introduces and the large number of unrestricted parameters that control the shape of the NURBS.
In this study, the ASM is used to provide subject specific modeling of the deformation of the airways during respiration. ASM provides an effective means of capturing statistically plausible variations of an object shape through a number of observations [11] . ASM is based on Point Distribution Models (PDMs), where point correspondence between a set of registered images is established and the variability of the shape can be expressed through a set of a linear combination of the mean shape s derived from the training set and its modes of variation. That is,
where P is the eigenvectors and b the parameter that varies to create new shapes that are restricted by the main modes of variation. With ASM, simplification of the model is possible by selecting only the principal modes of variation. The first mode of variation, for example, typically describes the main motion of the tracheobronchial tree due to respiration, whereas other modes are related to high-order local variabilities.
It is important to note that the success of ASM depends on the number and quality of correspondent landmarks across the training shapes. To establish correspondence between a set of control points across the 3D meshes, a semi-automatic method was used. The skeleton of the airway tree was first extracted from the 3D CT data. The bifurcations of the airway tree were then used as the landmarks for establishing shape correspondences. For each of the skeleton points the surface perpendicular to the skeleton axis was defined and its intersection with the 3D mesh was estimated. The application of ASM to the skeletal and surface control points results in intermediate, deformed airway structures. To generate a smooth 3D mesh of the airways, Radial Basis Functions (RBFs) are used. RBFs provide an easily controllable behaviour based on a sparse and irregular set of control points and thus they are suitable for deforming the tracheo-bronchial mesh.
Incorporating Temporal Correspondence
The use of ASM allows the incorporation of deformable modeling into the registration process. To further improve the registration accuracy, temporal tracking based on the Condensation algorithm has been used. Particularly, the condensation algorithm permits the use of multi-modal probability distributions that is essential to track the camera position under airway deformation and image artifacts [12] . Mathematically, the condensation algorithm does not explicitly represent the density function. It uses instead statistical factor sampling based on the Bayesian theory. During statistical factored sampling, a sample set is generated from the prior density. A weight is subsequently assigned to each particle according to the observation density. The weighted point set is then used as a representation of the a posteriori density. Subsequently, by evaluating the given moments of the state density, it is possible to estimate the most probable state. During prediction, the method involves the evolution of the state vector with time. Sampling methods based on spatial Markov processes are generally used for the Condensation method to represent the dynamics of a moving camera.
For the purpose of this study, the observation/measurement model needs to combine both the EM tracker measurements and the image-based registration results. Generally, the observation density ( ) | tt pzx defines the likelihood that a state t x causes the measurement t z . This is typically achieved by assuming that the measurements are statistically independent both mutually and with respect to the process model. Furthermore, both the EM tracker and the image-based registration measurements are imprecise. In this study, the uncertainty is quantified with a Gaussian probability density function
, where the variance σ , depends on the reliability of the different sensors measurements. The observation density for a particular state is estimated by integrating over the space of sensors measurements:
For 2D/3D registration, a pq-space based 2D/3D registration technique developed by Deligianni et al has been used [1] . The state of the system has been defined as the 6DoF pose of the camera. However, since EM tracking data are available only for 5 out of 6 DoF, the last degree of freedom is tracked independently.
Finally, for the process model, a second order auto-regressive model was used to describe the motion of the endoscopic camera [13] . The auto-regressive model takes into account that during bronchoscope navigation, motion occurs within a bounded area, and a rapidly moving camera is expected to slow down or change in direction rather than accelerate further . A second-order auto-regressive model is described by the following equation:
where k A represents the collection of damped harmonic oscillators associated with vibrational modes and w the white noise with covariance coefficient B . This ensures smooth navigation of the camera. With modular training, multiple training sets can be used to obtain a more general model of the motion behavior .
Modular training facilitates the incorporation of multiple sequences from different subjects as well as the incorporation of the dynamic behavior of camera navigation in different parts of the tracheo-bronchial tree [13, 14] . Based on the principles of the maximum likelihood learning, the parameters of the second order autoregressive model can be estimated . The motion characteristics such as the coefficients k A , the mean value X of the state and the random component B are obtained from a number of different training sequences derived directly from the 5 DoF EM data, while for the sixth degree of freedom manually collected data has been used.
Validation
To validate the proposed technique, a deformable airway phantom made of silicon rubber and painted with acrylics was used. The inner surface was coated with siliconrubber mixed with acrylic to give it a textured specular finish that is similar to the bronchial lumen. The phantom surface with finished with red color splashes to imitate the blood and texture discrepancies during a bronchoscope examination. The distal ends of the airway-phantom have been fixed and a balloon was located below the main bifurcation to simulate respiratory induced the airway deformation. The extent of the airway motion is regulated by a valve to control the amount of air in the balloon. The tomographic model of the phantom was scanned with a Siemens Somaton Volume Zoom 4-channel multi-detector CT scanner with a slice thickness of 1 mm and inplane resolution of 1 mm. A total of six CT volumes were acquired at different stages of the motion cycle. An Olympus bronchoscope (Olympus BF Type, with a field of view 120 0 ) operating in PAL recording mode (25fps) was used to capture the 2D bronchoscope video. Prior to 2D/3D registration, pre-processing of the videos was necessary in order to alleviate the effects of interlacing, lens distortion and image artefacts [15] .
To track the pose of the bronchoscope camera, an NDI (Northern Digital Inc, Ontario) Aurora EM tracker is used. The Aurora system is particularly suited to tracking flexible endoscopes during minimally invasive intervention. This typically employs a single coil sensor due to size restrictions imposed by the dimensions of the biopsy channel or catheter. Having only a single coil, the sensor is limited to reporting position and direction only (i.e. 5 DoF with unknown axial rotation). The working volume of the Aurora system is a 500mm cube located 50mm from the field generator. In an environment that is free from electromagnetic interference, the Aurora has a static positional accuracy of 0.9-1.7mm and an orientation accuracy of 0.5 degree .
In order to provide the ground truth data for airway deformation, a 6 DoF EM tracker was used to track the deformation of the balloon so that the deformation of the phantom airway can be indexed back to the 3D CT data. Based on the assumption that these points are moving in parallel for each positional value of the 6 DoF EM tracker the phase of the respiratory motion can be estimated as:
where r p is the eigenvector that corresponds to the point r s of the mean shape that is nearest to the position of the 6DoF EM tracker and M r is the vector between these points.
Results
In Fig. 1 the recovered deformation from the ASM model is presented. During 2D/3D registration, this has been used to directly deform the tracheo-bronchial mesh by tuning the first principal component of the ASM. The markers point out the location of the frames depicted in Fig. 2 , which provides a qualitative validation of the recovered coefficients of the ASM. In this figure, column (a) represents the original bronchoscope video frames and column (b) illustrates the rendering pose by directly using the EM data. It is evident that the position of the camera changes rapidly due to the respiratory motion in the world coordinates, and a direct use of the EM data can result in initial camera position located completely outside of the bronchial tree. The result of incorporating ASM to the 2D/3D registration framework is shown in Fig. 2(c) , which defines the position and orientation of the camera such that the remaining axial rotation can be recovered as shown in Fig. 2(d) . Finally, Fig. 2(e) demonstrates the results by using Fig. 2(d) To provide a quantitative measure of the tracking algorithm described above, Fig.  3 illustrates the results by applying the Condensation algorithm the entire video to segment as compared to the ground truth data recovered from the EM data. Temporal tracking incorporates both the measurements of the EM tracker and the image-based registration results, and thus it is able to recover when either of them has failed.
Discussion and Conclusions
Despite the prevalence of tissue deformation in most surgical navigation and planning applications, its incorporation into the 2D/3D registration framework has been limited. This is due to the large degrees of freedom involved in the registration parameters, which make a stable implementation of the algorithm difficult. In this paper, we have developed a non-rigid 2D/3D registration framework that models the respiratory motion of the intra-thoracic tree based on ASM. ASM captures the intrinsic variability of the airways across different phases of the respiratory motion and it constrains the motion they represent to be specific to the subject studied. This allows the subsequent non-rigid registration implemented in a much reduced dimensional space, and thus greatly simplifies the 2D/3D registration procedure that incorporates temporal correspondence and local adjustment. The detailed phantom validation of the method in this study demonstrates the potential clinical value of the technique. Euclidean distance between the first and subsequent camera position as it has been predicted from the Condensation algorithm with relation to the EM tracking data.
